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(a) St. Matthew (372M trianglesap-
proximatedwith 1.5M voxelsand345K
triangles)

(b) Richtmyer-Meshkov isosurface
(472M triangles approximated with
4.2M voxelsand137K triangles)

(c) Boeing 777 (350M triangles ap-
proximatedwith 1M voxels and 3.4M
triangles)

(d) All threedatasetsat once(1.2Gtri-
anglesapproximatedwith 4.0M voxels
and595K triangles)

Figure1: View-dependentrenderingof extremelycomplexmodels.Thesemulti-gigabytedatasetscoverawiderangeof modelclasses.Wecanrendertheminteractively at1pixel
toleranceonaXeon2.4GHzPCwith 1GBRAM andaNVIDIA GeForce6800GTAGP8Xgraphicsboard.

Abstract
We presentan ef�cient approachfor end-to-endout-of-corecon-
structionand interactive inspectionof very large arbitrarysurface
models. The methodtightly integratesvisibility culling and out-
of-coredatamanagementwith a level-of-detailframework. At pre-
processingtime, we generatea coarsevolumehierarchy by binary
spacepartitioningthe input trianglesoup.Leaf nodespartition the
original data into chunksof a �x ed maximum numberof trian-
gles,while inner nodesarediscretizedinto a �x ed numberof cu-
bical voxels. Eachvoxel containsa compactdirectiondependent
approximationof theappearanceof theassociatedvolumetricsub-
partof themodelwhenviewedfrom adistance.Theapproximation
is constructedby a visibility aware algorithm that �ts parametric
shadersto samplesobtainedby castingraysagainstthefull resolu-
tion dataset.At renderingtime,thevolumetricstructure,maintained
off-core, is re�ned andrenderedin front-to-backorder, exploiting
vertex programsfor GPUevaluationof view-dependentvoxel rep-
resentations,hardwareocclusionqueriesfor culling occludedsub-
trees,andasynchronousI/O for detectingandavoiding dataaccess
latencies.Sincethe granularityof the multiresolutionstructureis
coarse,datamanagement,traversaland occlusionculling cost is
amortizedover many graphicsprimitives. Theef�ciency andgen-
erality of theapproachis demonstratedwith the interactive render-
ing of extremelycomplex heterogeneoussurfacemodelsoncurrent
commoditygraphicsplatforms.
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1 Intro duction
Many importantapplicationdomains,including3D scanning,com-
puteraideddesign,andnumericalsimulation,requiretheinteractive
inspectionof hugegeometricmodels. Despitethe rapid improve-
ment in hardware performance,renderingtoday's multi-gigabyte
datasetsat interactive rateslargely overloadsthe performanceand
memorycapacityof state-of-the-arthardwareplatforms. To over-
come this limitation, researchershave proposeda wide variety
of output-sensitive renderingalgorithms,i.e., renderingtechniques
whoseruntimeandmemoryfootprint is proportionalto the num-
ber of imagepixels,not to the total modelcomplexity. Very few
techniquesexist, however, that tightly integratevisibility culling
andout-of-corerenderingwith level-of-detailmanagement,limit-
ing the applicability of the different approachesto only speci�c
classesof objects. The lack of one of thesetechniques,or their
independentapplicationwithin a renderingengine,posesimportant
problemswhendealingwith datasetsthatcombinecomplicatedge-
ometryandappearancewith alargedepthcomplexity. Consider, for
instance,themostadvancedmethodsfor renderinglargescalemod-
elswith �ne geometricdetails[Yoonet al. 2004;Gutheet al. 2004;
Cignoni et al. 2004],which arebasedon multiresolutionpoint- or
vertex- hierarchiesconstructedoff-line throughageometricsimpli-
�cation process.Typically, thesemethods,that repeatedlymerge
nearbysurfacepoints or meshverticesbasedon error minimiza-
tion considerations,performbestfor highly tessellatedsurfacesthat
areotherwiserelatively smoothand topologicallysimple,sinceit
becomesdif�cult, in othercases,to derive good“average”merged
properties.Moreover, andmostimportantly, theoff-line simpli�ca-
tion processthatgeneratesthemultiresolutionhierarchy fromwhich
view-dependentlevels of detail are extractedat renderingtime is
essentiallyunawareof visibility. Whenapproximatingvery com-
plex models,however, resolvingtheorderingandmutualocclusion
of even very close-bysurfaces,potentially with different shading
properties,is of primaryimportance(see�gure 2).
Main contributions. We presenta new ef�cient approachfor
end-to-endout-of-coreconstructionandview-dependentrendering
of very largearbitrarysurfacemodelson commoditygraphicsplat-
forms. The methodtightly integratesvisibility culling andout-of-
coredatamanagementwith level-of-detailconstructionandrender-
ing. Theunderlyingideais to departfrom currentpoint-or triangle-
basedmultiresolutionsurfacemodelsand adopta volumetric ap-
proachbasedon more complex renderingprimitives. At prepro-
cessingtime, we generatea coarsevolumehierarchy by a binary



Figure2: Boeing777enginedetails(left) and isosurfacedetails(right). Thesekinds
of object,composedof many looselyconnectedinterweaving detailedpartsof complex
topologicalstructure,areveryhardto simplify effectively usingoff-line geometricsim-
pli�cation methodsthatdonot take into accountvisibility.

spacepartitioningprocessof the input dataset.Leaf nodessimply
split the original datainto chunksof a �x ed maximumnumberof
triangles,while inner nodesarediscretizedinto a �x ed numberof
cubicalvoxels. Eachvoxel containsa compactdirectiondependent
approximationof theappearanceof theassociatedvolumetricsub-
partof themodelwhenviewedfrom adistance.Theapproximation
is constructedby a visibility aware algorithm that �ts parametric
shadersto samplesobtainedby castingraysagainstthefull resolu-
tion dataset.At renderingtime,thevolumetricstructure,maintained
off-core, is re�ned andrenderedin front-to-backorder, exploiting
vertex programsfor GPUevaluationof view-dependentvoxel rep-
resentations,hardwareocclusionqueriesfor culling occludedsub-
trees,and asynchronousI/O for avoiding out-of-coredataaccess
latencies.Sincethe granularityof the multiresolutionstructureis
coarse,datamanagement,traversalandvisibility culling costsare
amortizedovermany graphicsprimitives,anddisk/CPU/GPUcom-
municationcanbeoptimizedto fully exploit thecomplex memory
hierarchy of moderngraphicsPCs.

Advantages. The resulting technique,dubbedFar Voxels, has
the following properties:it is applicableto a wide rangeof model
classes,that include very detailedcolored objectscomposedof
many loosely connectedinterweaving detailedparts of complex
topologicalstructure;it is fully adaptive and is able to retain all
the original topological and geometricaldetail even for massive
datasets;it is stronglyGPU bound,sinceits coarsegrainedstruc-
ture successfullyexploits the batchedrenderingmodel of current
commoditygraphicsplatforms;multiresolutionrepresentationscan
beconstructedin parallelwith aoutof corealgorithm.

Limitations. As for all currentlarge scalemodel renderingap-
proaches,our methodhasalsolimitations: it hasbeendesignedfor
staticmodels,editingis notsupported;thesamplingand�tting pro-
cessis generalandsupportsmany modelkinds,but at theexpense
of high preprocessingcostsor aliasingproblemsif not enoughrays
areshot;theparticularrenderingprimitivesemployedin this paper
are phenomenologicaland appropriatemostly for diffuse materi-
als– generalizingthemis an importantavenueof futurework; the
splattingmethodusedfor renderingdoesnotcorrectlyhandletrans-
parency; our current rendererimplementationstrives to maintain
interactivity ratherthanensuringstrictguaranteesonimagequality;
we have currently not implementedout-of-corecompressionand
speculative prefetching– theseareorthogonalto our method,but
importantto reduceperceivedre�nementlatency.

Despitetheselimitations, thecurrentmethodandprototypesys-
temis of immediatepracticaluseandprovidesunprecedentedper-
formancein renderingvery largecomplex models.As highlighted
in section2, while certainothermethodssharesomeof Far Voxel's
advantages,they typically donotmeetits capabilityin all of thear-
eas.A generaloverview of our approachis presentedin section3,
while section4 introducesa generalout-of-coretechniquefor con-
structingthe multiresolutionmodel,andsection5 describesview-
dependentre�nementandrenderingalgorithms.Theef�ciency and
generalityof theapproachhasbeensuccessfullyevaluatedwith ex-
tremelycomplex CAD, isosurface,andscannedmodels(section6).

2 Related Work

Rapidlyrenderingadaptiverepresentationsof largemodelsis avery
active researcharea. In the following, we will discussthe ap-
proachesthataremostcloselyrelatedwith our work. Readersmay
refer to recentsurveys (e.g., [Chianget al. 2003; Cohen-Oret al.
2003])for furtherdetails.

Out-of-co re view-dependent simpli�cation. Thevastmajor-
ity of view-dependentsimpli�cation methodsfor generalmeshes
arebasedonconstructingagraphof possiblere�nement/coarsening
operationsat thepoint, vertex, or trianglelevel. Up until recently,
mosttechniquesrequiredanincorepreprocessingstep,eventhough
renderingwas performedout-of-core. QSplat [Rusinkiewicz and
Levoy 2000],basedonaout-of-corehierarchy of boundingspheres
traversedat run-time to generatepoint splats,was the �rst fully
out-of-corepoint-basedmethod,while Lindstrom's [2003] scheme
basedon vertex clusteringon a rectilinearoctreewasthe�rst fully
out-of-coremesh-basedtechnique.As for all classicadaptive ren-
deringtechniques,thesemethodsspendsa greatdealof rendering
timeto computetheview-dependentrepresentationanddonotscale
well to giganticmeshes.A numberof authorshave thusproposed
variouswaysto pushtherenderingperformancelimits in particular
situations.Therandomizedz-buffer [Wandet al. 2001]usesa hier-
archicaltraversalof a structurewheretheleaf nodescontainarrays
of randompointsamples.They focusonsceneswith many instances
of simpleobjects. StammingerandDrettakis[2001] dynamically
adjuststhe point samplingrate for renderingcomplex procedural
geometryat high framerates,but they requirea parameterization
of themodel,while we focuson arbitrarily complex environments.
A numberof authorshave recentlyproposedtechniquesreducing
the per-primitive workload by using coarsemultiresolutionstruc-
turesthat composeat run-timepre-assembledoptimizedprimitive
groups[Eriksonet al. 2001;Levenberg 2002;Cignoniet al. 2003;
Yoonet al. 2004;Gutheet al. 2004;Cignoniet al. 2004;Gobbetti
andMarton2004].Wealsofollow thisapproach.All thementioned
methodsemploy, however, error metricsde�ned on the boundary
surfaceof theobjects,andarethusoptimizedfor smallnumbersof
high-complexity, densely-tessellatedobjects,ratherthanfor many
objectsforming a topologically rich assembly. A numberof au-
thorshaveproposedtopologyreducingtechniquesusingintermedi-
atevolumetric representations(e.g, [Andujar et al. 2002]). These
methods,however, are view independent,and have beenapplied
mostlyto off-line meshsimpli�cation.

Visibilit y culling. Visibility culling approachesarebroadlyclas-
si�ed into from-pointandfrom-regionvisibility algorithms[Cohen-
Or et al. 2003]. From-region algorithmscomputea potentiallyvis-
ible set(PVS) for cells of a �x edsubdivision of thesceneandare
appliedof�ine in apreprocessingphase.From-pointalgorithmsare
appliedonline for eachparticularviewpoint. For generalenviron-
ments,accuratePVSsare hard to compute[Bittner et al. 2004].
Image-basedocclusionrepresentationsare thus widely used,and
themostrecentalgorithmsexploit graphicshardwareto performon-
line visibility culling [Bittner et al. 2004;Yoonet al. 2004;Zhang
et al. 1997;Klosowski andSilva 2001]. Our methodcombinesan
off-line phase,integratedwith level-of-detail generation,that re-
moves voxels practically always occluded,with an on-line phase
that exploits hardware occlusionqueriesto perform coarsehier-
archicalvisibility culling. Spatiotemporalcoherenceis exploited
as in [Bittner et al. 2004] to optimize the schedulingof queries.
Few approachesexist that integrateLODs with occlusionculling
both in theconstructionandrenderingphases.Notableexceptions
arehardly visible sets[Andujar et al. 2000], andvisibility guided
simpli�cation [Zhang and Turk 2002], which, however, are non-
conservativetechniquesthatfavor modelsimpli�cation in areasthat
arelikely to beoccluded.



Hybrid rendering approaches. Many hybrid algorithmshave
beenproposedthat combinemultiple techniquesto rendermas-
sive models.A representative exampleis theMMR/Gigawalk sys-
tem[Aliaga et al. 1999;Govindarajuet al. 2003],which combines
static LODs, HLODs [Erikson et al. 2001] and imagebasedim-
postorswith occlusionculling and out-of-corecomputationand
is applicableto large CAD models that can be naturally parti-
tioned into rectangularcells. El-Sanaet al. [2001] andthe iWalk
system[Corrêa et al. 2003] combinedview-dependentrendering
with approximateocclusionculling for highly occludedscenes.
ChenandNguyen[ChenandNguyen2001], Cohenet al. [2001]
and Gutheet al. [2004] presentedmethodsfor combiningmulti-
resolutionpolygonandpoint renderingapplicabledenselysampled
surfaces.Thesesystemsareoptimizedfor particularmodelclasses,
andarehardly applicableto extremelydetailedmodelswith vari-
abledegreesof occlusion.A few systemsbasedon volumetricrep-
resentationshave beenproposed.Wimmeret al [2001] followedan
approachsimilar to oursfor dataresampling,but focusedonencod-
ing theappearanceof pre-shadedmodelsasseenfrom a view cell.
LivnatandTricoche[2004]presentedanisosurfaceextractiontech-
niquethat,similarly to our work, approximatesinternalnodesof a
LOD BSPtreewith apointwhenanodeprojectsto lessthanapixel.
DecaudinandNeyret [2004] alsouseda volumetricapproach,but
their systemis specializedto proceduralforestscenesobtainedby
repeatedinstancingof volumetrictexturetiles.

Interactive ray-tracing approaches. An alternative to rasteri-
zationis to useray tracingtechniques.Thanksto spatialindexing,
ray queriescan be answeredin logarithmic time, and only those
partsof the scenethat are visible needto be accessed.A num-
ber of authorshave thusdesignedraytracingsystemsfor massive
modelvisualization.Pharretal. [1997]proposedacachingscheme
thatreorderstheraysin a way thatminimizesdisk I/O. DeMarleet
al. [2004] presentedparallel techniquesfor ef�ciently distributing
modelsandtaskson a large distributedcluster. Wald et al. [2004]
presenteda heavily optimizedsystemthat exploits SIMD instruc-
tions for renderinglarge polygonalmodelson a dual OpteronPC
with 6GB RAM. A small numberof in-corevolumetricproxiesis
exploitedfor representingnot-yet-loadedgeometryin orderto hide
disk I/O latencies.While theresultsobtainedwith this methodare
impressive,achieving 3-7fpsatvideoresolutionfor theBoeing777
dataset,the lack of multiresolutiondataforcesthealgorithmto ac-
cesslarge partsof the datasetfor producinga single frame (e.g.,
over 2GB for a 640x4801 ray/pixel overview of the Boeing777
dataset).Moreover, themethoddoesnotemploy GPUacceleration.
By fully exploiting currentGPUs,we demonstratethat it is possi-
ble to achieve nearlyoneorderof magnitudehigherframerateson
lower end32 bit machines.GivencurrentCPU/GPUperformance
trends,thisgapis likely doomedto widen.

3 Multiresolution model overview
Our approach,that exploits the programmabilityandbatchedren-
deringperformanceof currentGPUs,is basedon the ideaof mov-
ing thegrainof themultiresolutionsurfacemodelup from pointsor
trianglesto smallvolumetricclusters,which representspatiallylo-
calizeddatasetregionsusinggroupsof (procedural)graphicsprim-
itives. The clustersprovide the capability of performingcoarse-
grainedview-dependentre�nementof themodelandarealsoused
for on-linevisibility culling andout-of-corerendering.

Figure3 providesanoverview of theapproach.To generatethe
clusters,themodelis hierarchicallypartitionedwith a axis-aligned
BSPtree.Leafnodespartitionfull resolutiondatainto �x edtriangle
countchunks,while innernodesarediscretizedinto a �x ednumber
of cubicalvoxelsarrangedin a regulargrid.

Finding a suitablevoxel representationis challenging,sincea
voxel regioncancontainarbitrarily complex geometry. To simplify

Figure 3: Multir esolution structur e overview. The model is hierarchicallyparti-
tionedwith a axis-alignedBSPtree. Leaf nodesare renderedusing the original tri-
angles,while innernodesareapproximatedusingview-dependentvoxels.

theproblem,weassumethateachinnernodeis alwaysviewedfrom
the outside,andat a distancesuf�cient to projecteachvoxel to a
verysmallscreenarea(say, below oneimagepixel). Thisconstraint
canbemetwith a suitableview-dependentre�nementmethod,that
re�nes thestructureuntil a leaf is encounteredor theimageof each
voxel is smallenough(seesection5). Underthiscondition,avoxel
alwayssubtendsa very smallviewing angle,anda purelydirection
dependentrepresentationof shadinginformation is thussuf�cient
to produceaccuratevisual approximationsof its projection. This
approximationis similar in spirit to the lumispheres[Wood et al.
2000]employedfor surfacelight �eld rendering,exceptthatwe do
not associateshadedillumination samplesto every ray originating
from asurface,but ratherpre�ltered voxel shadinginformation.

To constructa view-dependentvoxel representation,we employ
avisibility awaresamplingandreconstructiontechniquedetailedin
section4. We �rst acquirea setof shadinginformationsamplesby
raycastingtheoriginalmodelfrom a largenumberof appropriately
chosenviewing positions.Eachsampleassociatesa re�ectanceand
a normalto a particularvoxel observationdirection.We thencom-
pressthesesamplesto ananalyticalform thatcanbecompactlyen-
codedand rapidly evaluatedat run-time on the GPU to compute
voxel shadinggivenaview directionandlight parameters.

4 Construction
Theoff-line componentof ourmethodconstructsaspacepartitioned
multiresolutionstructurestarting from the full resolutionmodel,
thatweassume,without lossof generality, representedasa triangle
soup, i.e.,a �at list of triangleswith directvertex information.

4.1 Mesh partitioning and deep BSP construction
The �rst preprocessingphaseconsistsin spatiallypartitioningthe
sceneaccordingto anaxisalignedBSPtree,whoseroot coincides
with the meshboundingbox and whoseleaves contain lessthan
a small prede�nednumberof meshtriangles. The BSPtreecon-
structedin this phasewill beexploitedto acceleratetheray casting
processandservesasa basisfor constructingthe multiresolution
volumetricstructure.TheBSPis constructedout-of-coreaccording
to the surface-areaheuristic[MacDonaldandBooth 1990], which
producessubdivisionsthatcloselyencompassthemodel,andstored
in memorycoherentorder[Havran1999]. EachBSPleaf pointsto
thelist of trianglesthatpasstroughit, in aformatoptimizedfor ray-
triangleintersection[Arenberg 1988].The�nal structure,storedon
disk in binary form, can be usedfor out-of-coresamplingof the
scene,by mappingit to the useraddressspaceandletting the OS
managedemandloadingonaper-pagebasis.

4.2 Level-of-detail hierarchy construction
OncethedeepBSPtreeis available,we exploit it for constructing
thelevel-of-detailstructurefor thescene.We�rst generatethe�nal



multiresolutionstructurelayoutby constructinga coarsehierarchi-
calstructureontopof thedeepBSPhierarchy. In this layout,empty
nodesareremoved,while leafnodesareassociatedwith subtreesof
thedeepBSPthatapproximatelycontainanumberof trianglescor-
respondingto thespeci�edclustersize.Wethentraversethecoarse
hierarchy andgeneratefor eachnodethe�nal representation,which
is immediatelystoredondisk. Nodesarevisitedlevel by level, and,
at eachlevel, in orderof geometricproximity. To obtainthat, the
nodesatagivenlevel aresortedby increasingMortoncodeof their
centerpoint. This traversalorderoptimizesmemorycoherenceat
constructiontime,andevenmoreimportantly, at renderingtime. To
further increasememorycoherence,thehierarchicaldatastructure
issplit ondiskinto two �les: anindex treeandadatarepository. The
index treehasasmallfootprint,sinceit contains,for eachnode,just
the datarequiredfor traversal(boundingbox, voxel size, and in-
dex of thetwo children),andrefersto theassociatedrenderingdata
througha 64 bit offset into the repositoryanda 32 bit size. The
repositorycontainsall thedatarequiredfor renderingthenode.

Generatingrenderingdatais the main constructiontask. In our
approach,eachleaf nodeis encodedasa generalizedtrianglestrip
coveringthegeometrycontainedin it, thusretainingall theoriginal
topologicalandgeometricaldetail. To generatethe strip, triangles
areextractedfrom thedeepBSPsubtreeassociatedto thegenerated
nodeandclippedto the node's boundingbox. Connectivity is re-
constructedfrom independenttrianglesby vertex positionhashing.
Non-leafnodescontaininsteada volumetricsimpli�cation, gener-
atedfrom a discretizationof theboundingbox into a �x ednumber
of (approximately)cubicalvoxelsarrangedin a regulargrid.

Sampling process. To constructa view-dependentvoxel repre-
sentation,shadinginformationsamplesareacquiredby castingrays
againstthedeepBSPof theoriginal modelfrom a largenumberof
possibleviewing position. To generatethesamples,we exploit the
fact that a given nodewill be alwaysviewed from a distancesuf-
�cient to have eachvoxel subtenda very small viewing angle.We
providethepreprocessorwith aworstcasevalueqmax for thisangle,
which will correspondto the coarsestpossibleaccuracy for view-
dependentrendering(seesection5). Giventhevoxel radiusrvox, we
derive theminimumviewing distancedmin = rvox=tan(qmax=2), and
castagainstthedeepBSPalargenumberof randomraysoriginating
onthesurfaceSatdistancedmin from thenode'sboundingvolumeB
andrandomlydirectedtowardit (see�gure 4). For eachhit position
insideB, wecomputethevoxel index, andstorein anassociatedlist
a recordcontainingthe intersectedsurfacere�ectance,its normal,
andthe ray direction. Hits outsideB aresimply discarded.At the
endof theprocess,eachpotentiallyvisible voxel will beassociated
to a list of samplescoveringall theunoccludeddirections.An im-
portantpropertyof thesamplingstrategy is that,givenasuf�ciently
largenumberof rays,visibility problemsareconservatively solved
for arbitraryview positionsoutsideSby usinginformationfrom the
entireenvironmentenclosedby S. In particular, voxels thatdo not
containsurfaceboundaries,aswell asvoxelsthatarefully occluded,
will be empty. At the sametime, for eachvoxel, only visible sur-
facesaresampled,andonly from thosedirectionswherethey canbe
seen.As demonstratedin section6, this visibility awaresampling
strategy is extremelyeffective for complex models,asenvironmen-
tal occlusionleadsto eliminatea large portion of the voxels (over
40%for theBoeing777dataset)andminimizesartifactsdueto leak-
ing of occludedobjectscolorsthroughnearbyoccludingsurfaces.

Thisraycastingbasedsamplingstrategy is verygeneralandsup-
portsmany modelkinds,but at the expenseof high preprocessing
costsor aliasingproblemsif not enoughraysareshot.For simplic-
ity of implementation,wedecidedto casta�x ednumberof raysper
volume,eventhoughclassicraytracingsamplingmethodsthatcast
moreraysin high varianceregionscouldde�nitely be usedto im-
prove accuracy. A promisingdirectionto reduceprocessingtimes
while keepingaliasingproblemsundercontrol would be to con-

structthestructurein abottom-upfashion,andcastraysagainstthe
alreadyconstructedmultiresolutionstructureinsteadof sampling
theoriginalmodelateachnode.

Figure4: Samplingprocess.Shadinginformationsamplesareacquiredby raycasting
themodelfrom a largenumberof possibleviewing positionsat distancedmin from the
volume. Environmentalocclusionis taken into accountto remove always occluded
voxels arndto restrict the samplingto potentiallyvisible surfaces. In the image,the
blueobjecthidestheyelloow one,andonly grayvoxelsareconsiderednon-empty.

Parametric shader compression. The sample list for each
voxel providesall the information for computingview-dependent
shading.To generatea morecompactandef�cient representation,
wecompressthesesamplesby �tting themto simpleparameterized
shadermodels,andchoosingthe shaderthat providesthe bestap-
proximation.Eachshaderconsistsin a functionthatreturnsa color
attenuationgiven its internalparameters,a view directionv anda
light direction l, i.e., Shaderi(v; l) = BRDFi(v; l) max(n(v) � l);0),
wheren(v) is thesurfacenormalseenfrom v. Insteadof deriving
a generalpurposeshader, we assumethata smallnumberof shader
classescanbeusedto modelcommonsituations(see�gure 5). In
ourcurrentprototype,wehave implementedthefollowing classes:

K1a A �at shader, parameterizedby a planenormal,a front ma-
terial, anda backmaterial,that implementsthestandardtwo-
sidedLambertre�ection model.Thenormalis foundby aver-
agingall samplednormals,while the colorsarefound asthe
front andbackaverage.

K1b The sameasabove, with the normalcomputedby principal
componentanalysisof thesampledhit positions.

K2 A smoothshader, parameterizedby 6 re�ectanceand 6 nor-
mal control pointsassociatedto the main viewing directions
(� x; � y; � z), foundby averagingsampledvaluesaccordingto
theassociatedray direction. Lambertshadingparametersare
found from v by summingthevaluesat the threenearestref-
erencedirectionsweightedby therespectivedirectioncosine.

Theshaderselectedfor a particularvoxel is foundby constructing
an instanceof eachshaderclassk using a randomsubsetof the
samples.We thenusetheremainingsamplesto measurethediffer-
encein shadingfor a numberof randomlight directionsl j : e(k) =

å i å j

�
BRDF(sampled)

i
(vi ; l j ) max(ni � l j ;0) � Shader(k)(vi ; l j )

� 2
.

The shaderinstancewith minimum error is then selectedand its
representationis stored.

Eventhoughtheshadersamplingand�tting methodis verygen-
eral, the particularshadersdescribedhereare phenomenological
andappropriatemostly for diffusematerials.They have beencho-
sen mostly becauseof easeof implementationand ef�ciency of
computation.Generalizingthemis an importantavenueof future
work.

Output data encoding. Sinceour currentrendereris basedon
voxel splattingandvertex shaders(see5), weonly storenon-empty
voxels,andencodeeachshaderparameterin aspeci�c vertex array,



Figure5: Primiti ve distrib ution. Thetop partof the imageshows themodelaspre-
sentedto theviewer. Thebottompart illustratestheprimitive classdistribution using
a color code: red for K2 shaders,which tendto accumulateon complex voxels, yel-
low for K1 shaders,which tendto accumulateonalmostplanarsurfaces,andwhite for
triangles,usedfor full resolutionleafs.

muchin thesameway we encodetrianglestrip datafor leaf nodes
(see�gure 6). In our currentimplementation,we do not compress
datato a compactexternalformat,but ratherdirectly encodeeach
valuein OpenGLformat,using4 bytesfor colors,6 bytesfor nor-
mals, and 6 bytesfor relative positionsinside a box. Exploiting
compressiontechniquesfor reducingdisk usageandI/O needsis a
majoravenuefor futurework.

Figure6: Output data encoding. All datarequiredfor renderingis encodedin vertex
arrayformat.

Parallel out-of-co re construction. Thehierarchy construction
phasedominates,by far, theoverallprocessingcost,mainlybecause
of thescenesamplingprocess.Thewholeprocessis however inher-
entlymassively parallel.For thispaper, wehaveadoptedthesimple
solutionof separatingthe input modelsinto chunksof 20-30Mtri-
angleseachwith averycoarseBSPpartitioningandto distributethe
chunksto N machinesthatexecutein parallel,andout-of-core,the
restof thepreprocessing.As a result,we obtaina forestinsteadof
asingletree.

5 View-dependent rendering
At renderingtime, the volumetricstructures,maintainedoff-core,
are re�ned and renderedin front-to-backorder, exploiting vertex
programsfor GPUevaluationof view-dependentvoxel representa-
tions,hardwareocclusionqueriesfor culling occludedsubtrees,and
asynchronousI/O requestsfor avoiding out-of-coredataaccessla-
tency.

Re�nement algorithm. Theuserselectedpixel thresholdis the
valuethatdrivesthere�nement: thisvaluerepresentsthemaximum
requiredprojectedvoxel sizeon thescreen.Thealgorithmtakesas
inputaforestof multiresolutionhierarchiesandperformsabreadth-
�rst front-to-backtraversal,makinguseof thefollowing datastruc-
tures: a nodepriority queue, for sortingvisited nodesin front-to-
backorder;anocclusionqueryqueue, for storingpendingocclusion
queries;aGPUcache, basedonOpenGL'sVertex Buffer Objectsex-
tension,for storingthemostrecentlyrenderednodes;aRAMcache,
for storingthemostrecentlyvisitednodes;a fetch requestpriority
queue, for storingasynchronousI/O requestsfor nodesnotyetavail-
able.

The traversalis initiated by insertingthe rootsof eachtreeinto
thenodepriority queue,and,if this is the�rst frame,into theRAM

cache. We then iteratively remove andprocessthe highestprior-
ity nodefrom thenodepriority queueor from theocclusionquery
queueuntil bothqueuesareempty.

Eachtime a nodeis extractedfrom thenodepriority queue,we
markit by default asinvisible for thecurrentframe.We thencheck
whetherits boundingbox falls totally outsidethe view volume. If
so, we simply stopwith this node,culling away its entiresubtree.
If insteadthenodeis at leastpartially within theview frustum,we
testwhetherto stopre�nement, eitherbecausethe nodeis a leaf,
or its projectedvoxel size falls below the screenspacethreshold,
or its childrenarenot yet presentin theRAM cache.In that case,
thenodeis rendered,while issuinga hardwareocclusionqueryand
storing it in the occlusionquery queue. If datais missing,fetch
requestsfor missingchildrenarepushedin thefetchrequestpriority
queue.Whencontinuingre�nement,we testwhetherthenodewas
marked visible at the previous frame. If so, we avoid testingfor
occlusionand immediatelypush its children in the nodepriority
queue.For previously invisible nodes,on theotherhand,we issue
anocclusionqueryfor their boundingbox, which is thenstoredin
thequeryqueue.

The nodesqueriedfor occlusionareprocessedonly assoonas
theresultfor their occlusionqueryis availableor therearenoother
nodesto traverse. Eachtime an item is extractedfrom the query
queue,wechecktheocclusionqueryresult.If thenumberof visible
pixelsreturnedby thequeryis zero,we simply stopwith this node,
culling awayits entiresubtreebecauseof occlusion.If insteadsome
pixelswerevisible,wemarkthenodeandits ancestorsasvisible. If
thenodewasnot alreadyrendered,it is becauseit is an inaccurate
non-terminalnodewith RAM cachedchildren. We thuscontinue
re�nementby pushingits childrenin thenodepriority queue.

Sincethe structureis coarsegrainedandthe re�ner never stalls
becauseof I/O requeststhemethodis GPUbound.

Node rendering. Our current implementationrendersview-
dependentvoxelsusingasplattingmethodthatdrawsanantialiased
OpenGLpointprimitivepervoxel. At rendererinitialization,vertex
shaderprogramsspeci�c to eachprimitive classarecompiledand
loadedon board. At noderenderingtime, we iterateon all possi-
ble primitive representations.If the numberof voxels/verticesfor
the given primitive classis non-null, we bind the associatedpro-
gram, load the vertex attribute datainto the appropriateprogram
parameters,andissuea glDrawArrays to draw all voxelsat once.
Trianglestrip renderingcodefor leaf nodesfollows the samepat-
tern. To minimize bus traf�c, eachtime a nodeis rendered,we
reusethe GPU cachedversion if present,otherwisewe renderit
andcacheits representationin placeof the oldestone. In the cur-
rent implementation,theprimitivesthatcomposea particularnode
arerenderedin anarbitraryorder, andwithout taking into account
their opacity. This providesa renderingquality similar to that of
one-passpoint splattingmethods,which is suf�cient for our target
applications,but limits our ability to correctlytreathigh resolution
texturesandtransparency. Wearecurrentlyexploringwaysto usea
texture-basedvolumerenderingapproachto solve thisproblem.

Asynchronous I/O. Similarly to Streaming QS-
plat [Rusinkiewicz and Levoy 2001], the fetch requestqueue
is traversedin orderof priority at theendof theframe,issuingonly
asmany requestsasthoseallowedby theestimatedI/O bandwidth,
and ignoring the remainingones. In our currentimplementation,
thepriority of afetchrequestis givenby thenode'sparentprojected
voxel size. Accessto the datarepositoryis madethrougha data
accesslayer, that hidesfrom the rendererwhetherdatais local or
remote. This layer internally usesmemory mappingprimitives
for local data,anda TCP/IPprotocolfor remotedata. It makesit
possibleto asynchronouslymove in-coreanodeby fetchingit from
therepository, to testwhethera nodeis immediatelyavailable,and
to moveavailablenodesto theRAM cache.



(a) St. Matthew 0.25mm(372Mtriangles)

(b) Richtmyer-Meshkov Isosurface(472Mtriangles)

(c) Boeing777(350Mtriangles)

(d) All modelsatonce(1.2Gtriangles)

Figure7: Inspection sequences:selectedframes. All imageswererecordedlive on a Xeon2.4GHz PCwith 1GB RAM anda NVIDIA GeForce6800GTAGP8Xgraphicsboard
usinga1 pixel tolerance.

6 Results
An experimentalsoftwarelibrary anda renderingapplicationsup-
porting thetechniquehave beenimplementedon Linux usingC++
with OpenGL.We have extensively testedour systemwith a num-
ber of large surfacemodels. The quantitative and qualitative re-
sultsdiscussedherearerestrictedto the threemodelsof �gure 7,
that possiblyrepresentthe mostcomplex benchmarktestcasesin
their respective domains:theSt. Matthew 0.25mmdataset(372M
triangles) is a very densehigh resolutionlaser scanningmodel;
the Richtmyer-Meshkov Isosurface dataset(472M triangles)is a
very convolutedmeshwith holes,a hugedepthcomplexity, anda
high genusgeneratedfrom a very high resolution3D simulation
of Richtmyer-Meshkov instability andturbulencemixing; theBoe-
ing 777dataset(350M triangles)is anexceptionallycomplex CAD
model,composedof many looselyconnectedinterweaving detailed
partsof complex topologicalstructurerepresentedasmeshesof col-
oredtriangleswith widely varyingaspectratios.
Preprocessing. Table1 listsnumericalresultsfor ourout-of-core
preprocessingmethodfor all the testdatasets.The testswereexe-
cutedonamoderatelyloadednetwork of 16PCsrunningLinux 2.4.

EachPChastwo CPUAthlon 2200+CPUs,1GB DDR memory, a
70GBATA 133harddisk,andaEthernet100Mb/snetwork connec-
tion. Weconstructedall multiresolutionstructureswith aprescribed
maximumleaf sizeof 8K triangles/node,a prescribednon-leafdis-
cretizationsizeof 16K voxels/node,256K rays/nodefor sampling,
andamaximumvoxel viewing angleqmax= 0:5 degrees.
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Table1: Numerical resultsfor out-of-core construction. Testsperformedon a net-
work of 16PCs.

Overall processingtimesrangefrom about1K input triangles/s
for 1 CPU to 20K input triangles/sfor 16 CPU.By contrast,pro-
cessingtimes for competingmultiresolutionapproachesbasedon
geometricsimpli�cation range from 3K triangles/s[Yoon et al.
2004; Cignoni et al. 2004] for 1 CPU to 30K triangles/son 16
CPUs[Cignoni et al. 2004]. TheFar Voxelsmethodis thusslower,
eventhoughit seemsto scalebetterwith thenumberof CPUs.

Our implementationrequires on average 70MB per million



vertices. This is comparableto QVDR (88MB) [Yoon et al.
2004], but sensibly higher than the TetraPuzzlesrepresentation
(32MB) [Cignoni et al. 2004]. Out-of-coremodelcompressionis
amainavenueof futurework.

To testtheeffectivenessof thestrategy employedto cull occluded
voxelsat preprocessingtime, we have alsoreconstructedthemod-
elswithout takinginto accountenvironmentocclusion,i.e.,by sam-
pling eachnodeseparatelywithout consideringqmin. Thestrategy
provedverysuccessful,sinceit removesover25%of voxelsfor the
isosurfacedatasetand43%for theBoeing777.Thescanningmodel
is essentiallyunaffecteddueto thelow depthcomplexity.

Adaptive rendering. We evaluatedthe renderingperformance
of the techniqueon a numberof inspectionsequenceson all test
datasets,usinga Linux PCwith a Intel Xeon2.4GHz,1GB RAM,
two 70 GB ULTRA SCSI320 harddrives,AGP 8x andNVIDIA
GeForce 6800 GT graphics. The qualitative performanceof our
adaptive rendereris illustratedin anaccompanying video.

The sessionswere designedto be representative of typical in-
spectiontasksand to heavily stressthe system,and include rota-
tions, rapid changesfrom overall views to extremeclose-ups,and
forcedvisibility discontinuities.To further illustratethescalability
of themethod,we have includeda testcaseshowing theinspection
of ascenecontainingall threemodels,for a totalof over1.2GBtri-
anglesand41GBof out-of-coredatadistributedamongthetwo PC
disks.Table2 listsnumericalresultsfor all thesessions.
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Table2: Numerical resultsfor out-of-core rendering. Testsperformedon a Linux
PCwith a Intel Xeon2.4GHz,1GB RAM, two 70 GB ULTRA SCSI320harddrives,
AGP8x andNVIDIA GeForce6800GT graphics.

As illustratedin this tableand in the accompanying video, our
systemis ableto maintaininteractivity in all testcases,while pro-
ducingdetailedimages.As explainedin section5, our currentren-
dererfavors interactivity ratherthenensuringstrict boundson ac-
curacy, sincewe stop re�nement and issueanynchronousI/O re-
questswhendatahasto befetchedfrom disk. However, eventhough
the maximumprojectedsizehaspeakscausedby the renderingof
coarsernodeswhendatais not immediatelyavailable,the average
projectedvoxel sizeis,asexpected,close(or below) thetargettoler-
ance(1 pixel), sincedueto temporalcoherenceonly few nodesper
framecauseRAM/GPU cachemisses.Thehighestmaximumval-
uesarefor the largermodels,which have longerload timesdueto
increaseddisk footprint. Thepoppingartifactscausedby rendering
inaccuratenodescould be reducedby incorporatingcompression,
speculativeprefetching,or usingdiskRAIDs to serve thedata.

During the entire inspectionsequences,the residentsetsizeof
the applicationnever exceeded1.5% of the out-of-coredatasize,
demonstratingtheeffectivenessof out-of-coredatamanagement.

We cansustainanaveragerenderingrateof around45M primi-
tives/sindependentlyof themodel,countingasoneprimitive a sin-
gle voxel or triangle. Throughputcomparisonswith classictessel-
lation techniquesaredif�cult, sincewe employ heavier primitives
than pure Gouraudshadedtriangle strips. In our currentunopti-
mizedimplementation,shadingrequires19–28vertex programin-
structionsdependingon primitive type.For simplemodels,suchas
the laserscanningtest-case,it is likely thatmethodssuchasTetra-
Puzzles,whichwasableto sustain70M tri/s onaGeForceUltra FX
5800GPU thanksto cache-coherenttrianglestrips[Cignoni et al.
2004], would provide betterperformance. Multiresolution mesh
techniqueswould however behardlyapplicableto theotherexam-
ples demonstratedhere. Even in the currentimplementation,the
primitive rateis high enoughto renderover 4.5M primitives/frame

at interactiverates.It is thuspossibleto useverysmallpixel thresh-
olds,virtually eliminatingpoppingartifactswithout theneedto re-
sort to costly geomorphingtechniques.The raw performanceof
the systemis particularlyuseful for large scaledisplaysituations,
whereinteractive raytracingsolutionshave problemsmeetingreal-
timeconstraintsbecauseof thelargenumberof pixelsto becovered.
Figure8 shows the largestsceneexaminedon a largescalestereo-
scopicdisplayassembledfrom off-the-shelfcomponents,i.e., two
1024x768DLP projectorsconnectedto two outputsof thegraphics
card,polarizing�lters with matchingglasses,anda backprojection
screenthatpreservespolarization.In thissetting,asinglePCis able
to rendertwo 1024x768imagesper frameat an averageof 20 Hz
with a 1 pixel renderingtolerance,with a worstcaseof 3 Hz. Low-
eringthetoleranceto 2 pixels increasestheminimumframerateto
9 Hz with little visualimpact.

Figure 8: Lar ge scalestereoscopicdisplay. The largest test case(1.2G triangles)
interactively inspectedona largescalestereoscopicdisplaydrivenby singlePC,which
renderstwo 1024x768imagesperframewith a1 pixel tolerance.

Network streaming. Somenetwork testshave beenperformed
on all test models,on a local areanetwork at 100Mb/susing the
TCP/IPprotocolto accessthedata.As illustratedin thevideo,ren-
dering rate remainsthe sameas that of the local �le version,but
updatesasynchronouslyarrive with increasedlatency. Theeffect is
illustratedin �gure 9,whichshowstheprogressivere�nementof the
Boeing777datasetonamachineconnectedto amoderatelyloaded
Linux box servingthe models. Even thoughour currentuncom-
pressedmodelencodingis far from beingoptimal for the task,the
applicationremainsusableeven for very largemodelson standard
network connections.

7 Conclusions
Wehavepresentedanef�cient techniquefor end-to-endout-of-core
constructionandview-dependentrenderingof very largeheteroge-
neoussurfacemodelson commoditygraphicsplatforms.Themain
bene�t of themethodlies in its performanceandapplicability to a
wide variety of modelclasses.As a result,we obtainan unprece-
dentedspatiotemporalquality in the interactive inspectionof mas-
sive modelsthat exhibit complicatedgeometryandtopology, het-
erogeneousmaterialattributes,aswell aslarge variationsin depth
complexity.

Besidesimproving the proof-of-conceptimplementation,we
plan to extend the presentedapproachin a numberof ways. In
particular, wearecurrentlyworkingon thefollowing aspects:com-
pressionof theoutputdatarepresentationto reducedisk usageand
I/O latency; exploration of alternateview-dependentvoxel repre-
sentations;implementationof multi-resolutionsamplingmethods;
explorationof higherquality texture-basedvolumerenderingmeth-
odsin placeof thecurrentpointsplatter;prefetchingandprediction
of occlusion/visibilityeventsto reduceartifactsdueto the display
of coarserthanneedednewly visibleobjects.



Figure9: Streaming. Progressive re�nementof theBoeing777dataset(350Mtriangles)ona100Mb/sconnection.
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